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 Development and Performance of Low-Cost 
Beta-Type Ti-Based Alloys for Biomedical 
Applications Using Mn Additions 
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 Takayuki  Narushima ,  Kyosuke  Ueda ,  Naofumi  Ohtsu ,  Mitsuhiro  Hirano , 
and  Yoshinori  Itoh 
 Abstract  The microstructures, mechanical properties, and biocompatibility of var-
ious low-cost  β -type Ti-Mn alloys fabricated by both cold crucible levitation melt-
ing (CCLM) and metal injection molding (MIM) were investigated after solution 
treatment. Mn was chosen as a potential low-cost alloying element for Ti. Among 
the alloys fabricated by both methods, Ti-9Mn shows the best combination of ten-
sile strength and elongation, and their performances are mostly comparable to or 
superior to those of Ti-6Al-4V (Ti-64) ELI. However, alloys fabricated by MIM 
show a higher O and C content, along with precipitated Ti carbides and pores, which 
all cause the ductility of the alloys fabricated by MIM to be lower than that of the 
alloys fabricated by CCLM. Furthermore, the cell viability and metallic ion release 
ratios of the alloys fabricated by CCLM are comparable to those of commercially 
pure Ti, making this alloy promising for biomedical applications. The Young’s modulus 
of the alloys is also lower than that of Ti-64 ELI (which is of approximately 110 
GPa), which can possibly reduce the stress shielding effect in implanted patients. 
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19.1  Introduction 
 Among the most widely used metallic biomaterials, titanium (Ti) and its alloys are 
the most suitable because of their high specifi c strength, good corrosion resistance, 
and biocompatibility [ 1 – 3 ]. However, the most widely used Ti-based alloys in bio-
medical applications were not designed for this kind of application and can show 
issues. Commercially pure Ti (CP-Ti) has insuffi cient mechanical properties for 
some biomedical applications, whereas Ti-6Al-4V (Ti-64) ELI has the necessary 
mechanical properties, but contains Al and V, which can be released as ions from the 
alloy and are associated to health issues in the human body [ 2 ,  4 – 8 ]. Therefore, 
recent efforts have been made in recent years to produce new and more biocompat-
ible  β -type Ti alloys, designed specifi cally for biomedical applications [ 3 ].  β -type Ti 
alloys can achieve the highest specifi c strength when compared with  α - or ( α + β )-
type Ti alloys [ 9 ]. Furthermore,  β stabilizing alloying elements can contribute to 
reduce the Young’s modulus of the alloys [ 10 ,  11 ]. The lower Young’s modulus is 
useful because metallic biomaterials usually have a Young’s modulus much higher 
than that of the human bone, which can end up causing the stress shielding effect 
[ 12 ]. However, many of the newly developed alloys contain scarce and high-cost 
elements such as Nb and Ta, which may be diffi cult to obtain in the future because 
of the limited amounts of their natural deposits [ 13 ,  14 ]. 
 Considering the abovementioned factors (i.e., biocompatibility, balance of 
mechanical properties, availability, and cost), Mn was selected as the primary alloy-
ing element for Ti-Mn system alloys due to its  β stabilizing effect, lower cytotoxic-
ity, higher availability, and lower cost when compared to other popular alloying 
elements [ 15 ,  16 ]. Some of the binary Ti-Mn alloys fabricated using a cold crucible 
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levitation melting (CCLM) showed a performance comparable or superior to that of 
the Ti-64 ELI for biomedical applications [ 15 ]. Furthermore, Ti-Mn alloys contain-
ing up to 13 mass% Mn showed cytotoxicity levels comparable to that of CP-Ti, but 
the alloy containing 18 mass% Mn showed cytotoxicity [ 15 ]. Thereafter, further 
cost reduction was considered by fabricating Ti-Mn alloys using a metal injection 
molding (MIM), a powder metallurgy near-net shape fabrication method [ 16 ]. The 
alloys fabricated by MIM showed some mechanical properties comparable to those 
of the alloys fabricated by CCLM, but because of both high porosity and high 
amount of interstitial impurities – inherent to the fabrication method – there was a 
drastic decrease in ductility compared to the alloys fabricated using CCLM [ 16 ]. 
Therefore, it is necessary to improve the ductility of the alloys. 
19.2  Experimental Procedures 
19.2.1  Ingots Preparation 
 For the fi rst part of this study, ingots of Ti-(6, 9, 13, and 18 mass%)Mn were fabri-
cated by CCLM. The ingots were initially subjected to a homogenization treatment 
for 21.6 ks at 1,273 K followed by ice water quenching and then to hot forging and 
hot rolling, both at 1,173 K. Finally, in order to retain the  β phase in the alloys, the 
plates were subjected to solution treatment for 3.6 ks at 1,173 K in vacuum, fol-
lowed by ice water quenching. Hereafter, the alloys fabricated by CCLM will be 
identifi ed by the subscript “LM,” as in Ti-Mn LM . 
 For the second part of this study, ingots of Ti-(8, 9, 12, 13, 15, and 17 mass%)Mn 
were fabricated by MIM. Sintering was conducted in vacuum at 1,373 K for 28.8 ks. 
Finally, in order to retain the  β phase in the alloys, the plates were subjected to solu-
tion treatment for 3.6 ks at 1,173 K in vacuum, followed by ice water quenching. 
Further details on the specimen preparation methods are described elsewhere [ 16 ]. 
Hereafter, the alloys fabricated by MIM will be identifi ed by the subscript “MIM,” 
as in Ti-Mn MIM . 
19.2.2  Microstructure Characterization 
 For all parts of this study, the material characterization was performed by chemical 
composition analysis, optical microscopy (OM), X-ray diffractometry (XRD), and 
transmission electron microscopy (TEM). Furthermore, electron probe microanaly-
sis (EPMA) was carried out on the alloys fabricated by MIM. The experimental 
conditions and other details are described elsewhere [ 15 ,  16 ]. 
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19.2.3  Mechanical Properties Evaluation 
 For all parts of this study, the mechanical property investigation was conducted by 
means of Vickers hardness tests, Young’s modulus measurements, and tensile tests. 
Furthermore, compressive tests were carried out on the alloys fabricated by 
MIM. The experimental conditions and other details are described elsewhere [ 15 ,  16 ]. 
19.2.4  Biocompatibility Evaluation 
 The biocompatibility of the alloys fabricated by CCLM was evaluated by means of 
immersion tests in simulated body fl uids (SBF), followed by X-ray photoelectron 
spectroscopy (XPS) of the surface of SBF-immersed samples, and also cytotoxicity 
tests using MC3T3-E1 cells. The experimental conditions and other details are 
described elsewhere [ 15 ]. 
19.3  Results and Discussion 
19.3.1  Ti-Mn Binary Alloys Fabricated by CCLM 
 Table  19.1 shows the chemical compositions of Ti-(6-18)Mn LM . The lower amount 
of Mn content in comparison to the nominal value is caused by the evaporation of 
Mn during melting processes [ 17 ]. Mn loss of up to 25 % was expected [ 17 ]. 
However, the observed difference (2–10 %) is considerably smaller in the Ti-Mn LM , 
thanks to the shorter melting time required by this method.
 Figures  19.1 and  19.2 show the optical micrographs and XRD profi les of the 
Ti-(6-18)Mn LM , respectively. As shown in Fig.  19.2 , only diffraction peaks attrib-
uted to  β planes are detected in the XRD profi les of Ti-(9-18)Mn LM . However, dif-
fraction peaks that can be attributed to  ω and  α or  α ′ phases are also detected in the 
XRD profi le of Ti-6Mn LM . A concentration of approximately 6.3 mass% Mn is 
required to fully retain the  β phase upon quenching [ 4 ]. However, the Mn content of 
Ti-6Mn LM used for this study is 5.60 mass%. Furthermore, the presence of the ather-
mal  ω phase has been confi rmed by the TEM observations. Figure  19.3a–d shows 
 Table 19.1  Chemical compositions of Ti-Mn alloys fabricated by CCLM (mass%) 
 Alloy 
 Element 
 Nominal Mn  Ti  Mn  O  C  N 
 Ti-6Mn LM  bal.  5.60  0.0736  0.0036  0.0045  6.0 
 Ti-9Mn LM  bal.  9.47  0.0727  0.0031  0.0036  10.0 
 Ti-13Mn LM  bal.  12.65  0.0747  0.0024  0.0043  14.0 
 Ti-18Mn LM  bal.  17.65  0.0591  0.0073  0.0021  18.0 
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the selected area electron diffraction (SAED) patterns, where the spots or streaks 
attributed to the athermal  ω phase decrease in intensity with increasing Mn content. 
The bright particles in the corresponding dark fi eld (DF) images (Fig.  19.3e–h ) 
represent the athermal  ω phase particles. Ti-6Mn LM contains the largest amount of 
particles, as it decreases with increasing Mn content. The decrease in the volume 





 Fig. 19.1  Typical optical micrographs of ( a ) Ti-6Mn LM , ( b ) Ti-9Mn LM , ( c ) Ti-13Mn LM , and ( d ) 
Ti-18Mn LM 
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Mn LM , is attributed to increasing  β phase stability obtained by increasing the Mn 
content. Because of the higher  β phase stability of the Ti-13Mn LM and Ti-18Mn LM , 
the  ω phase cannot be observed in the DF images of these alloys (Fig.  19.3g, h ).
 Figures  19.4 and  19.5 show the Vickers hardness and Young’s modulus of the 
Ti-(6–18)Mn LM alloys, respectively. The hardness of Ti-9Mn LM and Ti-13Mn LM is 
comparable to that of Ti-64 ELI reported in the literature (approximately 325 HV) 









Ti-6MnLM Ti-9MnLM Ti-13MnLM Ti-18MnLM
Ti-6MnLM Ti-9MnLM Ti-13MnLM Ti-18MnLM
a
e f g h
b c d
 Fig. 19.3  Typical SAED patterns viewed from [110]  β  , and corresponding DF images of diffraction 
spots or streaks of  ω phase of ( a ) and ( e ) Ti-6Mn LM , ( b ) and ( f ) Ti-9Mn LM , ( c ) and ( g ) Ti-13Mn LM , 
and ( d ) and ( h ) Ti-18Mn LM 
 Fig. 19.4  Vickers hardness of Ti-Mn LM alloys compared to that of Ti-64 ELI alloy ( dashed line ) 
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of Young’s modulus in comparison to that reported for Ti-64 ELI (110 GPa), indi-
cated by the dashed line in Fig.  19.5 [ 5 ]. The main factors that affect both the 
Vickers hardness and Young’s modulus measurements of Ti-(6–18)Mn LM are the 
solid solution hardening effects of Mn and the presence and amount of the athermal 
 ω phase in the alloys. The increase in Mn leads to an increase in both the Vickers 
hardness and Young’s modulus of the alloys by solid solution hardening and its 
effect on the lattice, respectively [ 15 ,  16 ,  18 ]. On the other hand, the decrease in the 
volume fraction of the athermal  ω phase with increasing Mn leads to a decrease in 
both Vickers hardness and Young’s modulus [ 4 ,  19 ].
 Figure  19.6 shows the tensile properties of Ti-(9–18)Mn LM along with that of 
Ti-64 ELI obtained from literature [ 5 ]. The tensile properties of Ti-6Mn were not 
obtained because the specimens suffered premature fracture due to the high amount 
of athermal  ω phase. Ti-9Mn LM and Ti-13Mn LM show ultimate tensile strength 
(UTS,  σ  B  ), 0.2 % proof stress ( σ  0.2  ), and elongation comparable to those reported for 
Ti-64 ELI ( σ  B  : 965 MPa,  σ  0.2  : 869 MPa, elongation: 15 %) [ 5 ]. However, the results 
shown by Ti-9Mn LM ( σ  B  : 1,048 MPa,  σ  0.2  : 1,023 MPa, and elongation: 19 %) make 
the use of this alloy in biomedical applications more promising than either 
Ti-13Mn LM or Ti-64 ELI.
 Figure  19.7 shows the ratio of the amount of released Mn ions to the sum of 
released Ti and Mn ions to a 1 % lactic acid solution, as a function of Mn content in 
the Ti-Mn alloys released from the alloys. The ratio of released Mn ions increases 
in an almost linear relationship with the Mn content observed in the alloys. 
Concerning the toxic effect of Mn ions released in the human body, adult patients 
that displayed symptoms related to Mn intoxication were parenterally administered 
 Fig. 19.5  Young’s moduli of Ti-Mn LM alloys compared to that of Ti-64 ELI ( dashed line ) 
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a daily dosage of at least 0.1 mg of Mn and usually more [ 20 ,  21 ]. The Ti-Mn LM 
alloys immersed in a 1 % lactic acid solution, which is a solution recommended for 
accelerated immersion tests [ 22 ], showed a maximum amount of released Mn ions 
of approximately 0.9 μg/cm 2 (Ti-18Mn) over a period of 7 days. Because the amount 
released is orders of magnitude lower than the amount administered during paren-
teral nutrition, it is believed that the amount of released Mn ions will not reach the 
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of released Mn ions to the 
sum of released Ti and Mn 
ions as a function of Mn 
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 Fig. 19.6  Tensile properties of Ti-Mn LM alloys along with that of Ti-64 ELI ( rightmost column ) 
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implant with considerable surface area. Furthermore, XPS analysis [ 15 ] revealed 
that the immersion tests using 1 % lactic acid caused the passive oxide layer of the 
alloys to become thinner, but the oxide layer regenerated.
 Figure  19.8 shows the results obtained for the cytotoxicity test. After counting 
the living cells following a 72 h incubation period, signifi cant differences are 
observed between Ti-18Mn LM , CP-Mn, and the other materials. The cytotoxicity of 
Ti-(6–13)Mn LM is comparable to that of CP-Ti. The cell proliferations of Ti-18Mn LM 
and CP-Mn are lower than those of the other alloys. The incubation time of the 72 h 
test leads to a higher amount of released Mn ions from the alloy. It is supposed that 
the amount of released Mn ions from Ti-18Mn LM can inhibit cell proliferation [ 15 ].
19.3.2  Ti-Mn Binary Alloys Fabricated by MIM 
 Table  19.2 shows the chemical compositions of Ti-(8–17)Mn MIM fabricated by 
MIM. The O content of Ti-(8–17)Mn MIM increases with increasing Mn content, from 
approximately 0.23–0.32 mass%. Most of the O present in the alloys originates 
 Fig. 19.8  MC3T3-E1 cell viability ratios for the CP-Ti, Ti-Mn LM alloys, and CP-Mn after 72 h of 
incubation 
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from the Ti and Mn powders, which contain 0.16 and 0.77 mass% O, respectively. 
The C content of the alloys is of approximately 0.06 mass%. This is likely due to C 
pickup during the debinding process [ 23 ]. Furthermore, Mn evaporation is also 
observed to occur during fabrication by MIM, as the Mn content of the alloys is 
lower than the nominal content [ 16 ].
 Figures  19.9 and  19.10 show the optical micrographs and XRD profi les of the 
Ti-(8–17)Mn MIM , respectively. Small closed pores, large interconnected pores, and 
elongated precipitates can be observed in each alloy. Both the pores (ellipses) and 
precipitates (arrows) are mostly located at the grain boundaries. Only the diffraction 
peaks of the attributed to  β planes are observable in the XRD profi les of Ti-(8–17)
Mn MIM . Again, the presence of the athermal  ω phase has been confi rmed by the 
TEM observations. Figure  19.11 shows the SAED patterns and DF images of the 
diffraction spots or streaks of the  ω phase of Ti-(8–17)Mn MIM . Clear diffraction 





 Fig. 19.9  Typical optical micrographs of ( a ) Ti-8Mn MIM , ( b ) Ti-9Mn MIM , ( c ) Ti-12Mn MIM , ( d ) 
Ti-13Mn MIM , ( e ) Ti-15Mn MIM , and ( f ) Ti-17Mn MIM .  Ellipses indicate some of the pores and  arrows 
indicate some of the precipitates 
 Table 19.2  Chemical compositions of Ti-Mn alloys MIM fabricated by MIM (mass%) 
 Alloy 
 Element 
 Nominal Mn  Ti  Mn  O  C  N 
 Ti-8Mn MIM  bal.  7.56  0.233  0.0606  0.0064  8.0 
 Ti-9Mn MIM  bal.  9.29  0.244  0.0654  0.0081  10.0 
 Ti-12Mn MIM  bal.  11.5  0.252  0.0604  0.0096  12.0 
 Ti-13Mn MIM  bal.  13.3  0.270  0.0512  0.0081  14.0 
 Ti-15Mn MIM  bal.  15.4  0.275  0.0655  0.0123  16.0 
 Ti-17Mn MIM  bal.  17.1  0.316  0.0512  0.0075  18.0 
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Ti-8Mn MIM (Fig.  19.11a ). The DF image of the  ω spots (Fig.  19.11g ) evidences a 
high-volume fraction of the athermal  ω phase of Ti-8Mn MIM . The intensity of the 
spots attributed to the athermal  ω phase and the apparent volume fraction of the 
athermal  ω particles gradually decrease with increasing Mn content. It is observed 
that Ti-18Mn LM still shows very diffuse streaks associated to the athermal  ω phase, 




























 Fig. 19.10  XRD profi les of Ti-Mn MIM alloys 
Ti-8MnMIM Ti-12MnMIM Ti-13MnMIM Ti-15MnMIM Ti-17MnMIMTi-9MnMIM





β β β β β βω ω ω ω
a c eb d f
g h i j k l
 Fig. 19.11  Typical SAED patterns viewed from [110]  β  , and corresponding DF images of the dif-
fraction spots or streaks of  ω phase of ( a ) and ( g ) Ti-8Mn MIM , ( b ) and ( h ) Ti-9Mn MIM , ( c ) and ( i ) 
Ti-12Mn MIM , ( d ) and ( j ) Ti-13Mn MIM , ( e ) and ( k ) Ti-15Mn MIM , and ( f ) and ( l ) Ti-17Mn MIM 
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higher O content of the MIM alloys. O has been reported to inhibit the formation of 
 ω phase in Ti alloys [ 24 ]. Figure  19.12 shows the results of the EPMA analysis of 
the precipitates. The precipitates are low in Mn and high in C. The precipitates are 
thus identifi ed as Ti carbides.
 The volume fraction and average diameter of both pores and carbides in the 
alloys have been estimated from the optical micrographs using an image analysis 
software [ 16 ]. There is no signifi cant variation of either the volume fraction and 
average diameter of both pores and precipitates among Ti-(8–17)Mn MIM . However, 
the shapes of the pores in Ti-(8–17)Mn MIM are irregular, although there are no sig-
nifi cant differences among the pore morphologies of the alloys. The irregular pore 
shape is most likely due to the fact that the Mn powder has a more irregular shape 
compared to the Ti powder [ 16 ]. The high C levels facilitate the formation of carbides. 
The morphology of the carbides does not particularly vary among Ti-(8–17)Mn MIM . 
 Figures  19.13 and  19.14 show the Vickers hardness and Young’s modulus of the 
Ti-(8–17)Mn MIM alloys, respectively. The hardness does not signifi cantly vary 
among the alloys, and they are comparable to that of Ti-64 ELI, indicated by the 
dashed line in Fig.  19.13 [ 5 ]. The Young’s moduli of the alloys are all lower than 
that for annealed Ti-64 ELI, indicated by the dashed line in Fig.  19.14 [ 5 ]. Besides 
the parameters already discussed for the alloys fabricated by CCLM, such as the 
amount of athermal  ω phase and the effects of increasing Mn, which can affect both 
hardness and Young’s modulus measurements, other parameters must be considered 
for the alloys fabricated by MIM [ 15 ,  16 ]. The presence of the pores, which cause 
localized stress concentration, tends to decrease the hardness of the alloys [ 23 ,  25 ]. 
Conversely, the presence of carbides, which can cause precipitation strengthening, 
tends to increase the hardness [ 23 ,  25 ]. However, because there is little variation of 
the volume fraction and average diameter of both pores and carbides, these param-
eters do not cause signifi cant variation of the measured hardness and Young’s mod-
ulus among the alloys. Furthermore, higher O contents increase the solid solution 
hardening effect, which in turn increases the hardness [ 25 – 27 ]. These opposing 





 Fig. 19.12  SEM image and EPMA elemental mapping images of Ti, Mn, O, and C in a precipitate 
in a Ti-17Mn MIM alloy specimen 
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 Fig. 19.13  Comparison of Vickers hardness of Ti-Mn MIM alloys with that of Ti-64 ELI ( dashed 
line ) 
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 Fig. 19.15  Comparison of tensile properties of Ti-Mn MIM alloys. The properties of Ti-64 ELI are 
also shown 
 Figure  19.15 shows the tensile properties of Ti-(8–17)Mn MIM along with those of 
Ti-64 ELI [ 5 ]. Both  σ  B  and  σ  0.2  values for Ti-(8–12)Mn MIM are higher than the cor-
responding values for Ti-64 ELI [ 5 ]. However, the elongation of the Ti-Mn MIM 
alloys is lower than that of annealed Ti-64 ELI. It is noted that the elongation of 
Ti-Mn MIM , which contains higher O content, pores, and carbides, is lower than that 
of Ti-Mn LM , which do not contain pores and carbides and have lower O content. 
Thus, the lower elongation of Ti-Mn MIM can be attributed to the combined effects of 
a higher O content primarily, along with the presence of pores and carbides, which 
are inherent to the MIM process [ 23 ,  28 ,  29 ].
 Figure  19.16 shows the compressive properties of Ti-(8–17)Mn MIM . The com-
pressive 0.2 % proof stress ( σ  c0.2  ) and compressive strain ( ε  c  ) values for Ti-(8–17)
Mn MIM are higher than those for Ti-64 [ 4 ], also shown in Fig.  19.16 . The two main 
parameters that affect the compressive properties of an alloy are the Mn content 
(which causes solid solution strengthening) and the amount of the  ω phase (which 
causes precipitation strengthening). The higher volume fraction of athermal  ω phase 
in Ti-8Mn MIM and Ti-9Mn MIM causes their  σ  c0.2  values to be higher than those of 
Ti-(12–17)Mn MIM . As the volume fraction of the athermal  ω phase decreases in 
Ti-(12–15)Mn MIM , the solid solution strengthening effect of the Mn balances the 
effect of the decreasing  ω phase. The increase in compressive strain with increasing 
Mn content is also due to the decrease in the volume fraction of the athermal  ω 
phase with increasing Mn content.
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19.4  Conclusions 
 Mn was selected as a low-cost  β -stabilizer alloying element to fabricate Ti alloys of 
various compositions. The alloys were fabricated by both CCLM and 
MIM. Microstructural observations, mechanical performance tests, and biocompat-
ibility tests were used to evaluate the mechanical properties and biocompatibility of 
the fabricated Ti-Mn alloys. Regarding the use of Mn as an alloying element with Ti 
and the competitive applicability of Ti-Mn alloys, it was possible to conclude that:
 1.  The alloys are primarily composed of equiaxed  β grains. Some of the alloys with 
lower Mn content also contain the athermal  ω phase. The  β phase stability 
increases, thus decreasing the volume fraction of the athermal  ω phase, with 
increasing Mn content. The alloys fabricated by MIM contain high amounts of O 
and C, which are due to the powders and organic binder used, respectively. 
Because of the high C content, there is the precipitation of Ti carbide in the 
alloys fabricated by MIM. Furthermore, the alloys fabricated by MIM also con-
tain pores. 
 2.  The hardness, Young’s modulus, and tensile strength of Ti-(9–13)Mn LM are com-
parable or superior to those of Ti-64 ELI. The hardness, Young’s modulus, ten-
sile strength, and compressive properties of Ti-(8–13)Mn MIM are comparable or 
superior to those of Ti-64 ELI. However, the ductility of the alloys fabricated by 
MIM is adversely affected by the high oxygen content and the presence of car-
bides and pores. 
 Fig. 19.16  Compressive properties of Ti-Mn MIM alloys and annealed Ti-64 
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 3.  Among both alloys fabricated by CCLM and those fabricated by MIM, Ti-9Mn 
shows the best balance between tensile strength and ductility. In particular, the 
Ti-9Mn LM shows the largest elongation among all the Ti-Mn alloys. Conversely, 
Ti-9Mn MIM shows the lowest compressive properties among these alloys. 
 4.  Every Ti-Mn LM alloy shows ion release rates consistent with their chemical com-
position when immersed in SBF. Ti-(6–13)Mn LM shows good cell viability ratios, 
which are comparable to those of CP-Ti. However, higher Mn concentrations 
should be avoided because of risks of Mn intoxication. 
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